We have previously shown that in rat renal cortex, cyclooxygenase-2 (COX-2) expression is localized to cTALH cells in the region of the macula densa, and that dietary salt restriction increases COX-2 expression. Administration of the angiotensin converting inhibitor, captopril, further increased COX-2 mRNA and renal cortical COX-2 immunoreactivity, with the most pronounced expression in the macula densa. Administration of an AT1 receptor antagonist, losartan, also significantly increased cortical COX-2 mRNA expression and COX-2 immunoreactivity. Mutant mice homozygous for both Agtr1a and Agtr1b null mutations (Agtr1a -/-,Agtr1b -/-) demonstrated large increases in immunoreactive COX-2 expression inthe cTALH/macula densa. To determine whether increased COX-2expression in response to ACE inhibition mediated increases in renin production, rats were treated with captopril for one week with or without the specific COX-2 inhibitor, SC58236. Plasma renin activity increased significantly in the captropril group, and this increase was significantly inhibited by simultaneous treatment with SC58236. Thus, these studies indicated that angiotensin II inhibitors augment upregulation of renal cortical COX-2 in states of volume depletion, suggesting that negative feedback by the renin-angiotensin system modulates renal cortical COX-2 expression and that COX-2 is a mediator of increased renin production in response to inhibition of angiotension II production.
Introduction
Prostaglandins regulate vascular tone and salt and water homeostasis in the mammalian kidney and are involved in the mediation and/or modulation of hormonal action. Under basal conditions, inhibition of cyclooxygenase (COX) activity has little effect on renal function, but in situations of increased angiotensin II production, COX inhibition may have profound consequences for renal hemodynamics. Angiotensin II increases vasodilatory prostaglandin release in afferent arterioles and glomeruli, and angiotensin II vasoconstriction is significantly greater with inhibition of COX activity (1) . It is also well documented that prostaglandins serve as regulators of the renin-angiotensin system (2, 3) . COX inhibitors suppress plasma renin (4) (5) (6) (7) , and intrarenal infusion of arachidonic acid stimulates renin release (5) . In addition, studies using an isolated perfused juxtaglomerular apparatus (JGA) preparation have confirmed that an intact COX pathway is necessary for the stimulation of renin release that is mediated by macula densa sensing of decreases in luminal NaCl (8) . The conversion of arachidonic acid to prostaglandin H 2 by prostaglandin G 2 /H 2 synthase (COX) is a key enzymatic step in the regulation of prostanoid synthesis (9) . In the kidney, constitutive prostaglandin G 2 /H 2 synthase (COX-1) has been localized to mesangial cells, arteriolar endothelial cells, parietal epithelial cells of Bowman's capsule, and cortical and medullary collecting ducts (10) . In addition to COX-1, certain cells express COX-2 in response to inflammatory or mitogenic stimuli (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Using in situ hybridization and immunohistochemical localization, we have documented previously (14) that in normal adult rat kidney, COX-2 expression is localized to two cell types: occasional cTALH cells in the region of the macula densa and a subset of medullary interstitial cells near the papillary tip. After chronic salt depletion, COX-2 expression in the peri-macula densa region increases significantly (14, 15) , although medullary interstitial cell expression decreases (15, 16) . A potential role for COX-2 metabolites in regulation of renin release was suggested by a recent study by Harding et al. (17) demonstrating that administration of a selective COX-2 inhibitor prevented increases in renal renin mRNA levels in response to imposition of a low-sodium diet.
The mechanism by which COX-2 expression is regulated in the kidney has not been studied. Because of the evidence suggesting that angiotensin II can itself modulate the regulation of renin release (4), we examined whether angiotensin II might be a regulator of COX-2 expression in the cTALH/macula densa. Our findings suggest that angiotensin II inhibits cTALH expression of COX-2, suggesting that at least a component of the well-described feedback inhibition of angiotensin II on renin production may be mediated by regulation of COX-2 expression.
Methods

Materials.
A rabbit polyclonal anti-COX-2 antibody was from Cayman Chemical (Ann Arbor, Michigan, USA). Goat anti-human uromucoid antibody was from ICN Biomedicals Inc. (Costa Mesa, California, USA). Anti-goat IgG (high and low) was from Vector Laboratories (Burlingame, California, USA). The COX-2 inhibitor, SC58236, was a gift from Searle Monsanto Co. 32 Animals. Male Sprague-Dawley rats (Harlan Bioproducts for Science Inc., Indianapolis, Indiana, USA), initially weighing 150-200 g, were given the angiotensin-converting enzyme (ACE) inhibitor captopril (100 mg/kg body weight per day) (18) or an AT 1 R selective antagonist, losartan (20 mg/kg/day), in the drinking water for 7 days (19) . A subset of animals were given a single intraperitoneal dose of furosemide (1 mg/kg) and then placed on rat chow deficient in sodium (0.02-0.03% Na + ) (ICN Radiochemicals Inc., Irvine, CA) for the same period. The AT 2 R antagonist PD123319 (30 mg/kg/day) (20) was administered by miniosmotic pump (Alza Pharmaceuticals, Mountain View, California, USA) for 7 days. The COX-2-specific inhibitor SC58236 (10 mg/kg/day) was administered by gastric gavage. Blood pressure was measured by the tail-cuff microphonic manometer method (21) . Blood urea nitrogen (BUN), creatine (Cr), and sodium were measured by a Hitachi 704 chemical analyzer (Roche Dianostics, Corp., Indianapolis, Indiana, USA). In other studies, COX-2 immunoreactivity was determined in mutant mice homozygous for both Agtr1a and Agtr1b null mutation (Agtr1a -/-; Agtr1b -/-) and age-matched C57BL/6 wild-type mice (22) .
Primary culture of rabbit cTALH cells. cTALH cells were isolated from homogenates of rabbit renal cortex by immunodissection with anti-Tamm Horsfall antibody (23, 24) . Briefly, the renal cortex was dissected, minced, and digested with 0.1% collagenase. After blocking with 10% BSA, the sieved homogenates were incubated with goat anti-human Tamm Horsfall antiserum (50 mg/ml) for 30 min on ice, followed by washing and addition to plastic Petri dishes coated with anti-goat IgG (8 mg/ml). Attached cells resistant to washing were dislodged and grown to confluence in DMEM/F12 with 10% FCS. Quiescent cTALH cells were incubated with or without angiotensin II (10 -9 -10 -6 M) for 24 h and with or without phorbol dibutyrate (PDB) (10 -7 M), for 4 h before study.
RNA extraction and Northern blotting. Renal cortical RNA was extracted by the acid guanidinium thiocyanate-phenol chloroform method (25) . RNA samples were electrophoresed in denatured agarose gel, transferred to nitrocellulose membranes, and hybridized with a 1.3-kb 32 P-labeled cDNA KpnI/Xho1 fragment of 3′ untranslated region of rat COX2 (14) or with 32 P-labeled rat renin cDNA probe. The membranes were then stripped and rehybridized with glyceraldehyde phosphate dehydrogenase (GAPDH).
Immunoblotting. Renal cortices were homogenized in 30 mM Tris-HCl (pH 8.0), 100 µM PMSF (1:9 wt/vol). After a 10-min centrifugation at 10,000 g, the supernatant was centrifuged for 60 min at 110,000 g to prepare microsomes, as described previously (26) . Microsomal proteins were resuspended in SDS-sample buffer, heated to 100°C for 5 min, separated on 8% SDS gels under reducing conditions, and transferred to Immobilon-P transfer membranes (Milipore Corp., Bedford, Massachusetts, USA). The blots were blocked overnight with 100 mM Tris-HCl (pH 7.4) containing 5% nonfat dry milk, 3% albumin, and 0.5% Tween-20, followed by incubation for 16 h with polyclonal rabbit anti-murine COX-2 antiserum (Cayman Chemical) at 2.5 µg/ml dilution. The second reagent, biotinylated goat anti-rabbit antibody, was detected using avidin and biotinylated horseradish peroxidase (Pierce Chemical Co.) and exposed on film using ECL (Amersham Life Sciences Inc.).
Immunohistochemistry. Under deep anesthesia with Nembutal (Abbott Laboratories, North Chicago, Illinois, USA) (70 mg/kg intraperitoneally), rats were exsanguinated with 50 ml/100 g heparinized 
Figure 1
Captopril and/or low-salt diet increase renal cyclooxygenase-2 (COX-2) mRNA expression. Cortical COX-2 mRNA increased in animals fed either a sodium-deficient or normal diet and administered captopril. Administration of captopril to the rats fed a sodium-deficient diet increased COX-2 mRNA expression significantly. Relative expression was normalized to glyceraldehyde phosphate dehydrogenase (GAPDH) expression (n = 5-9).
Inset shows a representative experiment: 1, control; 2, captopril; 3, low salt; 4, captopril combined with low salt. **P < 0.01, compared with control.
saline (0.9% NaCl, 2 U/ml heparin, 0.02% sodium nitrite) through a transcardial aortic cannula and fixed with glutaraldehyde-periodate acid saline (GPAS), as described previously (27) . GPAS contains final concentrations of 2.5% glutaraldehyde, 0.011 M sodium metaperiodate, 0.04 M sodium phosphate, 1% acetic acid, and 0.1 M NaCl and provides excellent preservation of tissue structure and COX-2 antigenicity. The fixed kidneys were dehydrated through a graded series of ethanols, embedded in paraffin, sectioned at 4-µm thickness, and mounted on glass slides. COX-2 immunoreactivity was localized with COX-2 antiserum diluted to 2.5 ng/ml. The first antibody was localized using Vectastain ABC-Elite (Vector Laboratories) with diaminobenzidine as the chromogen, followed by a light counterstain with toluidine blue. Quantitative image analysis based on the distinctive density and color of COX-2 immunoreactivity and the number, size, and position of stained cells in video images from kidney sections was determined using BIOQUANT true-color windows system (R&M Biometrics, Nashville, Tennessee, USA) equipped with digital stage encoders that allow high-magnification images to be mapped to global coordinates throughout the whole kidney. Sections from at least four different rats were analyzed for each time point (14) .
Statistical analysis. All values are presented as mean ± SEM. ANOVA and Bonferroni t tests were used for statistical analysis, and differences were considered significant when P < 0.05.
Results
Male Sprague-Dawley rats were fed either a control diet or a sodium-deficient diet for seven days, and a subset of these animals were also given the ACE inhibitor captopril in their drinking water. At the time of sacrifice, blood pressure was not significantly different among the groups; nor was serum creatinine (Table 1) . BUN was significantly higher and urinary sodium excretion significantly lower than control in both groups of animals fed the sodium-deficient diet, although BUNs in the captopril-treated animals were not different from their respective controls. Captopril led to significantly greater natriuresis in animals fed a control diet and modestly increased urinary sodium excretion in the low-sodium group (Table 1) .
Renal cortical RNA was extracted and hybridized with a 32 P-labeled rat 3′ UTR COX-2 cDNA probe that does not cross-react with COX-1 (14) . Blots were then stripped and reprobed with GAPDH cDNA for normalization. Consistent with our previous findings (14) , cortical COX-2 mRNA increased in animals fed a sodiumdeficient diet (240 ± 50% of control); the relative increase in cortical COX-2 expression after one week on a sodium-deficient diet was less than what we had reported previously in animals on the same diet for more than three weeks (14) . COX-2 mRNA expression was also increased in the rats fed a normal diet and administered captopril (310 ± 70% of control). Administration of captopril to the rats fed a sodium-deficient diet increased COX-2 mRNA expression 1,720 ± 640% of control (n = 5-9; P < 0.01) (Figure 1, inset) .
There was a similar trend for increases in renal cortical COX-2 immunoreactivity, as determined by immunoblotting, with a 150 ± 30% increase in sodium-deficient animals, a 170 ± 40% increase in the animals given captopril, and a 220 ± 50% increase in animals given both captopril and a sodium-deficient diet (n = 6-11; P < 0.05) (Figure 2, inset) . COX-2 immunoreactivity was observed in the same general regions of the nephron as described previously (cTAL and macula densa); however, significant differences in localization were seen in animals receiving the ACE inhibitor. As reported previously (14, 27) , in control male rats at seven weeks of age, individual epithelial cells or small clusters of cTAL stain intensely for COX-2; the stain fills the cytoplasm but the nucleus is unstained (not illustrated). After one week on the low-salt diet, increased numbers of COX-2-positive cells were observed in the vicinity of the macula densa (Figure 3a) , but many macula densa cells were unstained (Figure 3a, arrow) and the predominant staining was seen in cTAL cells adjacent to the macula densa. In rats treated only with captopril, COX-2 immunoreactivity was localized to nearly all the cells of the macula densa but was not as intense as observed under other conditions ( Figure  3b ). Rats receiving both the low-salt diet and captopril expressed COX-2 in the macula densas of virtually every glomerulus (Figure 3c ). Individual COX-2-positive cells were also present in the preglomerular segment of the cTAL (Figure 3d , arrowhead) but were absent from the postglomerular epithelium (initial segment of the distal convoluted tubule). Quantitation of the amount of cortical COX-2 immunoreactivity indicated increases in both captopril and low-salt groups compared with control, with significantly greater COX-2 immunoreactivity with addition of captopril and low salt (ir-COX-2/cortical area: control: 52 ± 8 µm 2 /mm 2 ; captopril: 84 ± 15 µm 2 /mm 2 ; low salt: 129 ± 39 µm 2 /mm 2 ; captopril + low salt: 419 ± 109 µm 2 /mm 2 , n = 4; captopril + low salt vs. control: P < 0.01).
To investigate further the potential role of angiotensin II in cTALH/macula densa COX-2 expression, subtype-specific angiotensin II receptor antagonists were administered. Administration of the AT 2 receptor antagonist, PD123319,
Figure 2
Captopril and/or low-salt diet increase renal cortical cyclooxygenase-2 (COX-2) immunoreactivity. Immunoreactive COX-2 (ir-COX-2) increased in animal fed either a sodium-deficient diet or normal diet and administered captopril. Administration of captopril to the rats fed a sodium-deficient diet increased ir-COX-2 expression significantly (n = 6-11). Inset shows a representative experiment: 1, control; 2, captopril; 3, low salt; 4, captopril combined with low salt. ** P < 0.01, compared with control.
did not alter cortical COX-2 mRNA or immunoreactive protein levels in either control or sodium restricted rats (Figure 4a ). In contrast, administration of the AT 1 receptor antagonist losartan increased COX-2 mRNA (2.0 ± 0.4 of control, n = 5) and immunoreactive protein expression (1.5 ± 0.3 of control, n = 6) in rats on control diet and further increased expression in salt-deficient animals (mRNA: 3.0 ± 0.3 of control, n = 5, P < 0.01; ir-COX-2: 2.4 ± 0.3, n = 6, P < 0.01), similar to what was observed with ACE inhibition (Figure 4, b and c) . The pattern of COX-2 immunoreactivity was also similar to that seen with captopril, with a predominant increase in macula densa ir-COX-2 expression (not shown). Losartan administration did not significantly alter systemic blood pressure compared with control animals (systolic blood pressure: losartan + control diet: 116 ± 6 mmHg; losartan + sodium-deficient diet: 113 ± 4 mmHg, n = 5).
To examine further the role of AT 1 receptor in regulation of cTALH/macula densa COX-2 expression, COX-2 immunoreactivity was determined in mutant mice homozygous for both Agtr1a -/-and Agtr1b -/-and agematched C57BL/6 wild-type mice (22) . Figure 3e indicates that in wild-type adult mice, there was minimal, if any, COX-2 immunoreactivity in the macula densa region (Figure 3e, arrows) . For comparison, COX-2 immunoreactivity could be detected in occasional interstitial macrophages (Figure 3e, arrowhead) . In contrast, in Agtr1a -/-; Agtr1b -/-mice, abundant COX-2 immunoreactivity was observed in the macula densa/cTALH region (Figure 3f ).
To examine whether angiotensin II directly modulated cTALH COX-2 expression, primary cultures of rabbit cTALH were isolated by immunodissection with an anti-Tamm Horsfall antibody. In preliminary studies of these cells in culture, immunofluorescence studies indicated expression of Tamm Horsfall protein and COX-2. When grown to confluence and made quiescent for 24 hours by removal of serum, Northern and Western analysis indicated these cells expressed detectable basal levels of COX-2 immunoreactivity (Figure 5a ). In quiescent cells, administration of angiotensin II did not alter basal levels of ir-COX-2 expression. However, when COX-2 immunoreactivity expression was stimulated by phorbol dibutyrate (PDB) administration, preincubation for 24 hours with angiotensin II inhibited this phorbol ester-mediated induction of COX-2 expression ( Figure  5a ). In other experiments, similar inhibition was observed when cTALH cells were preincubated with angiotensin II for 16 hours before administration of PDB. The inhibitory effect of angiotensin II was abrogated by preincubation with losartan, whereas PD123319 preincubation had no effect (Figure 5b) .
To determine whether increased COX-2 expression mediated increases in renin production in response to ACE inhibition, rats were treated with captopril for one week with or without the specific COX-2 inhibitor SC58236. Plasma renin activity increased significantly in the captopril-treated group (59.1 ± 1.5 vs. 4.3 ± 0.6 ng Ang I/h; n = 4, P < 0.01). This increase was significantly blunted by simultaneous treatment with SC58236 (22.9
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Figure 3
Localization of increased ir-COX-2 expression in captopril-and/or low salt-treated rats (a-d) and mutant mice homozygous for both Agtr1a and Agtr1b null mutation (e and f). (a) Low-salt diet. Many COX-2 cells are apparent in or near the macula densa, but numerous cells are unstained (
arrows). (b) Captopril treatment. COX-2 protein is detected in many macula densa cells (arrow), but staining is less intense. (c and d) Low-salt and captopril. Intense ir-COX-2 is apparent in macula densa of most glomeruli (arrows), as well as in isolated cTAL cells (arrowhead). (e) COX-2 immunoreactivity in C57BL/6 wild-type mice. Absence of COX-2 immunoreactivity in macula densa region (arrows) and ir-COX-2 in an interstitial macrophage (arrowhead). (f) Intense ir-COX-2 macula densa/cTALH of (Agtr1a -/-, Agtr1b -/-) mice (arrows). a, b, and d: ×450; c:
×180; e and f: ×250. ± 1.4 ng Ang I/h; n = 4, P < 0.01 vs. captopril) (Figure 6a ). Kidney renin activity also increased in the captopril group compared with control (110.5 ± 8.7 vs. 10.2 ± 1.5 ng Ang I/h/mg protein; n = 4, P < 0.01), which was also significantly inhibited by SC58236 (45.6 ± 8.2 ng Ang I/h/mg protein; n = 4, P < 0.01 compared with captopril) (Figure 6b ). Kidney renin mRNA expression normalized to GAPDH mRNA was also increased by captopril (1.95 ± 0.37-fold control; n = 4, P < 0.05 compared with control). SC58236 treatment prevented increases in renin mRNA expression (1.0 ± 0.15; n = 4, P < 0.05 compared with captopril alone) (Figure 6c ).
Discussion
The current studies were designed to investigate interactions of cTALH/macula densa expression of COX-2 with the renin-angiotensin system. Administration of either an ACE inhibitor or an AT 1 R antagonist to rats led to increases in cortical COX-2 expression in vivo, and murine double nullizygotes for the two AT 1 R subtypes also expressed abundant COX-2 immunoreactivity. In primary cultures of cTALH cells, administration of angiotensin II inhibited phorbol ester-induced increases in COX-2 expression, suggesting a direct action of angiotensin II to downregulate cTALH/macula densa COX-2 expression. Furthermore, in rats treated with ACE inhibitors, elevations in plasma and kidney renin were significantly inhibited by simultaneous treatment with a selective COX-2 inhibitor, suggesting an important role for cTALH/macula densa-derived prostanoids in the regulation of renin release in response to inhibition of angiotensin II production. Prostacyclin generated by the afferent arteriole is thought to be involved in the mediation of renin release in response to alterations in intrarenal vascular tone (28) , but studies have also indicated a role for prostanoids in macula densa-mediated renin release (29, 30) . Ito et al. (31) found that isolated afferent arterioles without an associated macula densa increased renin release in response to prostacyclin but not prostaglandin E 2 (PGE 2 ). However, with an attached macula densa, PGE 2 Effect of an AT1R antagonist on renal cortical COX-2 mRNA expression. Cortical COX-2 mRNA increased in animals fed either a sodium-deficient or normal diet and administered the AT1R antagonist losartan. Relative expression was normalized to GAPDH expression. Administration of losartan to the rats fed a sodiumdeficient diet increased COX-2 mRNA expression significantly (n = 5-9; *P < 0.05 and **P < 0.01 compared with control). Inset shows a representative experiment: 1, control; 2, losartan; 3, low salt; 4, losartan combined with low salt. (c) Effect of an AT1R antagonist on renal cortical ir-COX-2 expression. Administration of losartan to rats fed a sodium deficient diet increased ir-COX-2 expression significantly (n = 6-11; ** P < 0.01 compared with control). Inset shows a representative experiment: 1, control; 2, losartan; 3, low salt; 4, losartan combined with low salt.
prostacyclin synthase inhibitor, and studies using an isolated perfused JGA preparation have confirmed that an intact COX pathway is necessary for stimulation of renin release mediated by macula densa sensing of decreases in luminal NaCl (8) . Because previous studies (32) did not detect COX-1 immunoreactivity in cortical thick limb or macula densa, the origin of prostanoids mediating the macula densa response has been uncertain. The initial observation that renal cortical COX-2 expression in the rat is localized to the cTALH epithelia in the region of the macula densa raised the possibility that it might serve as a source for prostaglandins involved in regulation of renin release (14, 33) . In support of this hypothesis, we found that imposition of a low-sodium diet or fluid restriction led to significant increases in cTALH/macula densa COX-2 expression, results that have subsequently been confirmed by other researchers (15, 16) . There are coordinate increases in expression of COX-2 immunoreactivity and renin in the two kidney-one clip model of renovascular hypertension (34), and Harding et al. (17) have determined that administration of NS398, a selective COX-2 antagonist, significantly inhibited increases in renin mRNA expression and renal renin content in response to a low-salt diet.
The mechanism by which COX-2 metabolites generated by the macula densa might stimulate renin production and release has not yet been determined. PGE 2 is known to inhibit net chloride reabsorption in the (non-macula densa) cells of the thick ascending limb of Henle (35); therefore, locally produced prostanoids may function as autocoids to inhibit macula densa transport directly. Alternatively, prostanoids might affect signaling by the extracellular mesangial (Goormatigh) cells (36) or directly stimulate renin secretion by juxtaglomerular (jg) cells. In this regard, Jensen et al. (6) have determined that both PGI 2 and PGE 2 can stimulate increased renin mRNA expression and secretion in isolated jg cells, probably by increasing cAMP generation.
It has long been recognized that renal renin production is modulated by angiotensin II (4, 37) . Increased renal tubule reabsorption, mediated directly by angiotensin II and indirectly by aldosterone, will reestablish intravascular volume homeostasis and thereby decrease the stimulus for renin release. In addition, angiotensin II directly inhibits renal renin production and release by a so-called short-loop feedback inhibition (37) . Administration of either ACE inhibitors or AT 1 receptor antagonists results in increases in both renin mRNA and immunoreactive protein in the kidney, in the absence of any detectable alteration in intravascular volume or renal hemodynamics (4, 38, 39) .
It has traditionally been assumed that angiotensin II inhibits renin production by a direct action on the juxtaglomerular cells (40, 41) . However, a recent study by Matsusaka et al. (42) in chimeric mice carrying a regional null mutation of the angiotensin type 1A (AT 1a ) receptor, the AT 1 receptor subtype exclusively present in mouse jg cells, has questioned whether angiotensin II does act directly on juxtaglomerular cells. In these studies, the jga of AT 1a receptor homozygous mice were markedly enlarged, with intense expression of renin mRNA and protein. In the chimeric mice, the changes in the jga were proportional to the degree of chimerism, but the degree of jga hypertrophy/hyperplasia and the expression of renin mRNA and protein were not different in AT 1a receptor expressing and AT 1a receptor null jg cells. Therefore, the presence or absence of AT 1 receptors
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The on jg cells was not the determining factor of whether angiotensin II could regulate jga renin synthesis.
The results of the current study suggest an alternative or additional mechanism by which angiotensin II may inhibit renin release. If angiotensin II inhibits cTALH/macula densa COX-2 expression, it may limit the relative increases in COX-2 expression in response to volume depletion and, thus, the macula densa's ability to signal renin release. Given that similar effects were noted with both ACE inhibition and AT 1 receptor antagonism, it is likely that AT 1 receptors on the cTALH/macula densa mediate this angiotensin II-modulated COX-2 expression. AT 1 receptors have been identified in both mTALH and cTALH, as well as macula densa (43), although relatively few studies have examined the functional role of angiotensin II (44) (45) (46) . However, preliminary studies (47) have indicated direct effects of angiotensin II to stimulate Na + /H + exchange in macula densa cells that were mediated by AT 1 receptors, and studies by Mokuda et al. (48) in isolated perfused kidney have suggested that intrarenal angiotensin II may inhibit macula densa function. It is also of interest that in angiotensinogen knockout mice, nNOS expression in the macula densa is significantly increased (49) .
It is well recognized that angiotensin II increases prostaglandin production acutely in a variety of renal and extrarenal cells, and prostaglandins serve to modulate or counteract the vasoconstrictive effects of angiotensin II on the renal and extrarenal vasculature (9) . Acute stimulation of prostaglandin production by angiotensin II results from activation of phospholipase A 2 and release of arachidonic acid, which is then further metabolized to prostanoid species by COX. In contrast, the present studies described a chronic effect of angiotensin II on COX-2 expression, although the mechanism of action of angiotensin II has not yet been determined.
Although phorbol ester-stimulated COX-2 expression in cultured cTALH cells was inhibited by pretreatment with angiotensin II, it was also of interest that these cells expressed basal levels of COX-2 immunoreactivity even in the absence of exogenous stimuli. In vivo, only a few scattered COX-2-positive cTALH cells are normally present in adult rat or rabbit kidney, but it is not clear whether there is only a subset of cTALH cells that can express COX-2 or whether all cTALH cells retain the capacity. We would favor the latter possibility because studies by us (27) and others (33) have indicated that in immature and young adult rats, there are significantly more COX-2-expressing cTALH cells than in older adult rats. Furthermore, an increased number of COX-2-positive cTALH cells is seen with low-salt diet (14) or hypercalcemia (50) .
Although our in vitro studies indicated that angiotensin II can directly prevent stimulation of COX-2 expression in cultured cTALH cells, it is possible that in vivo, additional components of the renin-angiotensin system may also regulate macula densa COX-2 expression. In this regard, deoxycorticosterone acetate (DOCA) administration decreased the increased macula densa COX-2 expression that is seen after adrenalectomy (Zhang, M.-Z., et al., unpublished results). Furthermore, we cannot completely rule out the possibility that the ACE inhibition-and AT 1 R antagonist-mediated increas- Figure 6 (a) The COX-2 inhibitor SC58236 reverses captopril-mediated increases in plasma renin. Plasma renin increased significantly in rats administered captopril (100 mg/kg body weight per day in drinking water) (n = 4; **P < 0.01 compared with control); captopril-induced increased plasma renin activity was significantly inhibited by SC58236 (n = 4; *P < 0.01 compared with captopril group). (b) SC58236 reverses captopril-induced increases in renal renin activity. Renal renin activity increased significantly in rats administered captopril (n = 4; **P < 0.01), which was significantly inhibited by SC58236 (n = 4; *P < 0.05 compared with captopril group). (c) SC58236 reverses captopril-induced increases in renal renin mRNA expression. Renal renin mRNA increased significantly in rats administered captopril (n = 4; **P < 0.05), which was significantly inhibited by SC58236 (n = 4; *P < 0.05, compared with captopril group). Inset shows a representative experiment: 1, control; 2, captopril; 3, captopril + SC58236. es in COX-2 expression in the in vivo studies were in part secondary to decreases in renal blood flow, with resultant sensing of effective volume depletion by the macula densa. However, we were unable to detect significant alterations in systemic blood pressure in either captopriltreated or losartan-treated animals compared with nontreated animals, nor were serum creatinines significantly different, indicating preservation of renal function. As expected, BUN was higher and urinary sodium excretion lower in the animals on a salt-deficient diet compared with the control diet; however, there was not a further significant increase in the captopril-treated low-salt animals, arguing against significantly greater volume depletion than their non-captopril-treated littermates. The lack of significant effects of ACE inhibitors or AT 1 R antagonists to decrease blood pressure in the sodiumdeficient group was presumably due to the short exposure to the diet. Finally, increases in cTALH/macula densa COX-2 expression could be noted in ACE inhibitor-treated animals fed a normal diet.
Mangat et al. (50) recently determined that increased COX-2 expression in the renal papilla in response to chronic hypercalcemia was significantly decreased by losartan. We did not examine COX-2 expression in the papilla in response to ACE inhibition or AT 1 R antagonism, but it is of interest that papillary COX-2 expression increases in response to a high-salt diet (15, 16) , suggesting that different regulatory mechanisms are operative for papillary and cTALH/macula densa COX-2 expression. It should be noted that Mangat et al. did not observe that losartan decreased the increases in cortical COX-2 expression seen in response to hypercalcemia. In fact, in their experiments, treatment with losartan for three days led to renal cortical COX-2 expression that was numerically, but not statistically, significantly greater than in the nontreated animals.
In summary, administration of either ACE inhibitors or AT 1 receptor antagonists led to increased cTALH/macula densa COX-2 expression in rats on either control or salt-deficient diets, and angiotensin II decreased COX-2 expression in cultured cTALH cells. Furthermore, COX-2 selective inhibitors significantly inhibited increased renal renin production and release in response to ACE inhibitors. Therefore, these studies suggest that negative feedback by the renin-angiotensin system modulates renal cortical COX-2 expression and that COX-2 is a mediator of increased renin production in response to inhibition of angiotensin II production.
